Abstract. The efficiency of phenol degradation by the iron complexes ([Fe(TBMA) 
Introduction
Of the several kinds of pollutants which are present in the industrial effluents, i.e. paper, dyestuff, pharmaceutical, and agrochemical industries, phenol and its derivatives must be approached due to their high toxicity, which remains even at low concentrations in water (0.05 mg L -1 ), giving it a foul odor and taste [1] [2] . After chlorination it forms chlorophenols, which are compounds that become toxic at concentrations higher than 2 mg L -1 . It also has a high oxygen demand (2.4 mg mg -1 phenol), and it gives rise to problems coarsening the aquatic life because of the decrease in oxygen concentration [3] .There are several techniques available for phenol treatment, such as separation methods: distillation, adsorption with activated carbon, and solvent-membrane extraction; and degradation methods: catalytic wet oxidation, supercritical water oxidation, ozonation, electrochemical and photocatalytic oxidation [4] .
Although the photocatalytic oxidation [5] by UV light combined with photo-catalysts has been used to degrade the many toxic organic compounds in the wastewater into carbon dioxide with considerable success [6] [7] [8] , it has many drawbacks because it requires expensive equipments (UV lamp/catalyst TiO 2 ); besides, it is not easy to manage under normal conditions due to the presence of harmful UV radiation. Additionally, it is believed that these procedures generate highly toxic polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofuran (PCDFs) compounds during the UV treatment of polychlorophenols [9] [10] [11] . Thus the application of the Fenton reagent (mixture of Fe(II) and H 2 O 2 which produces OH• radicals), is growing rapidly as a pre-treatment method for the wastewater [10, [12] [13] [14] . Furthermore, the Fenton reagent is easy to handle and environmentally benign, making this systems attractive to treat the aqueous or solid bound organic contaminants [15] [16] [17] [18] .
To improve the Fenton´s process, many studies have been carried out and has been reported the applicability and some advantages of this technique possesses in the wastewater treatment [10, [12] [13] [14] [19] [20] [21] [22] . The reaction of the Fenton reagent with phenol can be described as follows [23] 
In the oxidation of phenol by Fenton reagent, the formation of benzoquinones such as ortho, para and meta isomers are established (Eq. 6) [24] .
For the degradation of phenolic compounds by the Fenton process, where there are several factors that affect the efficiency of the reaction, it has been widely considered that the concentrations of Fe 2+ , hydrogen peroxide and pH of the reaction medium are relevant variables. It is known that OH• radicals are generated in the 2.0-4.0 pH range and most importantly, the rate of radical production depends on the concentration of Fe 2+ and hydrogen peroxide [19, [24] [25] [26] [27] .
By this reason, in the present paper, a comparative study of phenol degradation between the process of conventional Fenton and the modified Fenton was carried out; iron complexes [Fe(TBMA)Cl 3 •3H 2 O] and [Fe(terpy)Cl 2 ] were used for the modified Fenton to see the ligand effects around metal ion in the phenol oxidation under conditions where conventional Fenton reagent has good response (acidic pH and atmospheric temperature). Both complexes were selected because 2,2';6',2"-terpyridine (terpy) is a good π-acceptor and σ-donor to stabilize Fe(II), while N,N,N-tris(benzimidazol-2-ylmethyl)amine (TBMA) (see Scheme 1) is a moderate π-acceptor and σ-donor in stabilizing Fe (II) or Fe(III). Furthermore, in order to improve the efficiency of the process, a complete statistical analysis comprising the design of experiments was carried out to assess the possibility of using the proposed complexes instead of Fe 2+ as catalyst, observing the different variable effects and their interactions that directly affect the Fenton process of phenol degradation.
Results and Discussion

Experimental design: 2 3 factorial
Statistical models were employed to analyze the rate of the phenol degradation performed by the Fenton or the Fenton modified techniques at normal atmospheric conditions, with a view to simulate the operating conditions to obtain the maximum level of phenol degradation by employing minimum amounts of reagent. After analyzing the experimental designing studies for the oxidation by the Fenton or Fenton modified process, the degradation of phenol was experimentally performed by those processes. In order to determine the maximum and minimum factor levels, several trial experiments were carried out, indicating that the Fenton process exhibits a good response related to the phenol degradation at the levels indicated in Table 1 .
In the results of the experimental design for the degradation (Table 2) , the signs + or - represent the highest or lowest level of each variable.
In order to determine the effect of each factor (A, B, C, see Table 1 ) and its interactions, total variable combinations were used to derive the matrix design (Table 3) . After analyzing the results (Table 4 , where factor B (pH) is negative in the designing data. In addition, the standard deviation error of the effects (MS E ) was used to determine the factors that are different from zero (Table 4) , as the MS E effect corresponding to zero is negligible, with a confidence interval of about 95%. Furthermore, the analysis of variance confirms that the significance of the effects is at a probability level of (1.0%). The normal probability plot ( Fig. 1 ) was obtained by employing all the calculated effects in MINITAB 15 Statistical Software for the phenol degradation processes; in the plot (oxidation by the Fenton reaction), it was observed that two points (A and BC) are deviated from the straight line, implying that the concentration of Fe 2+ and the interaction {[H 2 O 2 ]•pH} have considerable influence in the oxidation; however, the effect of factor A is believed to be the most important in the reaction, as its deviation from the straight line is more pronounced than that of the BC. It means that the highest phenol oxidation is obtained experimentally when the concentration of Fe was higher than other factors (see Table 2 ). In the case of the normal probability plot of [Fe(terpy) Furthermore, a statistical model was derived to predict the efficiency of the degradation of phenol (in percentage) by employing all the experimental data in equation 7.
Where x 
Where x i = coded variable, f = initial value of the variable (x low and x high are the lowest and highest levels of f). The coefficients (β) were obtained from the regression model (Table  6 ) in order to verify the validity of the experiments. Besides, the experimental data were compared with the calculated values, Figure 2 shows that the parameters of the predicted and experimental values form a straight line, also is evaluated the confidence interval of 95% for the slope and intercept, suggesting that the statistical model (Eq. 7, Table 5 ) authenticates the factors that significantly contribute to the efficiency of the degradation.
Kinetics of phenol degradation by Fenton and Fenton modified reagents
The kinetic studies of phenol oxidation were carried out with the Fenton reagent (Fe 2+ the substrate concentration decreases during the oxidation, indicating that the OH• radical produced from the Fenton or Fenton modified reagents effectively degrades phenol (Fig. 3) .
Since the concentration of OH• radicals produced by the reaction of H 2 O 2 with Fe(II) is difficult to determine, the oxidation kinetics of phenol was determined by equation 11 on the basis of substrate concentration.
C phenol = phenol concentration, n = reaction order, k = reaction rate constant, and t = time. For the first-order reaction, equation 11 is modified to give equation 12.
Where C i = initial concentration of phenol; X phenol = reacted phenol fraction. The kinetic degradation of phenol ( Figure  4a ) by the Fenton reagent can be represented by plotting the concentration against different time intervals, i.e., f(C) = kt, (in a straight line plot of f(C) vs. t (time), a slope corresponds to the observed k), [28] confirming that the degradation of phenol follows a first-order reaction kinetics. However, for the treatment of phenol by Fenton modified reagent (Fe-complexes/H 2 O 2 ) it follows second-order kinetics, as 1/C - 1/C i vs. time yields a straight line ( Table 6 ). The second-order kinetic equation is given bellow:
For the three degradation processes it was found that the phenol concentration decreases drastically in the first 20 min of the reaction (up to 80% of degradation, Figure 4) . Besides, an induction period was found in the conventional Fenton process (5 min), which means that as an initial stage, the reaction declines rapidly because of the Fe 2+ consumption (Eq. 1). The reaction recovers through the reduction of Fe 3+ to Fe 2+ by hydroquinone. If the Fe 2+ concentration is constant in all the process, the induction period is a stage that limits the reduction rate, and Fe 3+ is reduced by hydroquinone to sustain the reaction. The rate constants of the Fe 3+ reduction through benzoquinones (H 2 Q) and hydrogen peroxide have been determined by Chen et al., [29] and the evolution of the induction period to a progressive conversion period has been previously studied [24, 30] .
Also, is possible to observe with table 6 and equation 3, that decomposition by means of modified Fenton reagent, is proportional to [C phenol ] 2 , (second-pseudo order kinetic reaction with respect to phenol), while decomposition with conventional Fenton reagent is directly proportional to concentration 
Analysis of phenol degradation by conventional and modified Fenton process
The phenol oxidation, as observed in the experimental designing studies (Table 3) , depends strongly on the experimental conditions; for example, for the conventional Fenton reaction, the concentration of Fe(II) shows the strongest influence on the degradation process, followed by pH, both consistent with previously reported results [31] . O], pH strongly influences the oxidation process. In the processes with iron complexes no induction period was observed. However, although the kinetics of a unimolecular reaction can be fairly determined with one only exponential phase, if mediators are not detected, it does not mean that they do not exist. On the other hand, it means that, in case of existing, they disappear considerably more rapidly than they form.
Data analysis showed that pH is a vital factor that has a strong influence on the treatment of phenol by the Fenton process, which is consistent with previous results [23, 25, 26, [32] [33] [34] . Therefore, the ligand-based Fe complexes, instead of free Fe(II), become interesting to avoid the Fe(OH) 3 precipitation and to increase the pH intervals, i.e., by chelating ligands with Fe(III) ion, OH -can be dispersed from entering towards Fe(III) ions, in such a way that Fe(OH) 3 formation can be avoided. In However, a value of pH 7.0 was used in the degradation of phenol to see its effect on the oxidation reaction ( Figure 5 ). The conditions shown in Figure 5 were obtained through preliminary experiments. For example, with [Fe(terpy)Cl 2 ],/H 2 O 2 , even at elevated concentrations of hydrogen peroxide (8.8 × 10 -3 mol L -1 , 300 mg L -1 ), the phenol degradation is very low. This indicates that the reaction is inefficient at high pH even if a high oxidation of phenol by Fe complexes using terpyridine was expected. This is probably due to the fact that the terpyridine ring, which has high stabilizing character, stabilizes strongly Fe(II) without permitting the oxidation to Fe(III) [36, 37] . A reaction is of order zero when the reaction rate is independent from the substance concentration, which indicates that the conversion is proportional to time. In the case of the process with Fe 2+ and [Fe(terpy)] 2+ , the reaction rate is determined by pH, and not by the [Fe] and [H 2 O 2 ] concentrations under the conditions studied here (see Figure 5 ). However, since benzimidazole moiety is a moderate σ-donor and π-acceptor to the metal ion, the complex [Fe(TBMA)Cl 3 •3H 2 O] /H 2 O 2 effectively works at pH = 7.0 for the degradation of phenol (80%), although it requires an elevated dose of hydrogen peroxide (8.8 × 10 -3 mol L -1 , 300 mg L -1 ).
Conclusions
Experimental results showed that both complexes used had an excellent response in the phenol degradation. The best conditions of decomposition for modified Fenton reagent were when [Fe] and [H 2 O 2 ] were in their maximum levels and pH in minimum level, i.e. the optimum reaction pH was 3.5 for both complexes. Unlike conventional Fenton reagent, the reactions with complexes had good response when the variables were in minimum levels, for both cases it was obtained a phenol decomposition of 70%, when for conventional Fenton reagent was only 20%. Besides, factorial analysis results showed that the reaction in the system [Fe(terpy) The results of the kinetics analysis showed that the reaction with iron complexes, to be more dependents to the phenol concentration, is possible to obtain a greater decomposition rate at higher concentrations of phenol. Of the three catalyst used, only Fe 2+ presented an induction period; this stage is related with the high consumption of Fe 2+ at the beginning of the reaction, then if the Fe concentration is constant along the reaction, the induction period is an stage that limits the reaction. Although both complexes can be used instead of Fe 2+ at similar conditions of pH (3.5-4.5), only [Fe(TBMA)Cl 3 •3H 2 O] showed excellent response at pH 7.0, even though was necessary a higher concentration of hydrogen peroxide. Some advantages found in this work for the modified Fenton reagent were: reactions with iron complexes are effective over a wider range of [Fe] 
Experimental Procedure
Reagents and Solvents
Phenol, hydrogen peroxide (30%), iron(II) chloride tetrahydrate, iron(III) chloride hexahydrate, ammonium hydroxide, monobasic potassium phosphate, dibasic potassium phosphate, 4-aminoantipyrine, potassium ferrocyanide, sodium hydroxide, nitrilotriacetic acid, 1,2-diaminobenzene, 2,2';6',2"-terpyridine (terpy) and methanol (ACS grade) were used as purchased from Sigma-Aldrich.
Physical Measurements
Elemental analyses for all the compounds were carried out On a Fisons Model EA 1108 CHNSO. 1 H and 13 C spectra were recorded for the compounds on a Varian Gemini (300 MHz) by using TMS as an internal standard. For the compounds, the electronic spectrum was measured with a Perkin-Elmer Lambda-900 double beam UV/Vis/NIR spectrophotometer; the mass spectral fragments were obtained in a Leco Pegasus III GC-TOFMS Mass Spectrometer. The pH was measured with an Orion 3 star pH-meter equipped with a Ross Ultra Sure Flow electrode. The matrix design of the factorial effects (2 3 ) was employed to estimate the effects of the variables. The normal probability plot was drawn by using all the calculated effects in MINITAB 15, Statistical Software.
Synthesis of tris(benzimidazol-2-ylmethyl)amine (TBMA)
The ligand TBMA was synthesized as described in the literature [31, [38] [39] . A mixture of nitrilotriacetic acid (0.02 mol, 3.82 g) and 1,2-diaminobenzene (0.06 mol, 6.49 g) was refluxed for 24 h in hydrochloric acid (50 mL, 6.0 mol L -1 ) . The resulting solution was allowed to cool and the green crystals obtained were collected and washed with hydrochloric acid (2.0 mol L -1 ). The free base was isolated when the hydrochloride of the compound in water was neutralized with ammonium hydroxide (20%), then it was re-crystallized from aqueous ethanol and dried over P 4 [31, [36] [37] [38] [39] [40] .
Experimental design
The statistical design, which is an experimental planning process that provides information about the variables having a considerable effect on any systems, as well as the interaction between them, offers a simple regression model that combines the different independent variables and their interactions to predict the desired values in the response with a minimum amount of experiments. Furthermore, in the designing experiment and its statistical data analysis, the parameters such as factors and their levels, response variable, type of experimental design and data analysis are considerably important [41] . In this work, a factorial design at two levels [n = 2 K , K = 3 (number of variables), n = 8, number of experiments)] was employed by considering three independent variables: (i) Concentration of iron [Fe] (A), (ii) reaction medium pH (B), and (iii) concentration of hydrogen peroxide [H 2 O 2 ] (C). Therefore, the dependent variable is considered to be a selected response for the degradation of phenol (ŷ). The combinations of treatments (n = 8) can be represented as a cube model (Fig. 6 ).
Degradation of phenol by the Fenton process
An aqueous phenol solution (1.0 × 10 -4 mol L -1 ) was added to the Fenton solution (mixture of Fe (II) and the H 2 O 2 ). A suitable pH (3.0 to 4.0) was adjusted by adding NaOH or H 2 SO 4 (0.1 mol L -1 ). After mixing the phenol solution with the Fenton reagent (see Table 1 ), the oxidation of phenol was observed by colorimetric method, measuring the intensity of the phenol signal at 500 nm on a Perkin Elmer Lambda-900 spectrophotometer. A series of 8 experiments was carried out, and each was repeated with duplicate tests for the consistency of the data. It was found that there is an efficient oxidation of phenol with a reaction time of 15 min for conventional Fenton and 30 min for modified Fenton; these times for the processes were determined through previous experiments. In the colorimetric experiment, 4-aminoantipyrine was added to the substrate solution in order to see the phenol peak in the visible region [42] . After adjusting the pH of the sample solution (10 mL) by NH 4 OH to 7.9 ±0.1, 4-aminoantipyridine (0.1 mol L -1 , 0.1 mL) was added, followed by addition of K 3 [Fe(CN) 6 ] (0.24 mol L -1 , 0.1 mL). The resulting solution, which was stirred for 15 min, turned to red and it was recorded on a UV/Vis spectrophotometer at 500 nm. The degradation of phenol was stopped with aqueous NaOH for the experiments.
Degradation of phenol by Fenton modified process
A Phenol solution, which was prepared by dissolving phenol into deionized water, was treated by the chelate TBMA or terpy based Fenton reagents. The reaction was carried out at different pH; in the same way, the pH of the solution was adjusted with H 2 SO 4 or NaOH (0.1 mol L -1 ). The mixing time of the solutions (phenol and iron based compounds) was 5.0 minutes and then H 2 O 2 was added to initiate the oxidation of phenol. The concentration of phenol was measured by the colorimetric method as described above for the Fenton reagent. Rate constants for the oxidation of phenol were determined by plotting the substrate concentrations against different time intervals.
